The significance of the amino acid adjacent to the amino terminal cysteine of lipoproteins, the +2 amino acid, has been well documented in E. coli and there have also been limited studies on Gram-positive bacteria. In this study we investigated whether there was any preference for specific residues and any targeting role attributable to different residues following the cysteine at the amino terminus in lipoproteins of Mycoplasma gallisepticum. There were found to be distinct preferences in this position that vary considerably from the preferences seen in Gram-positive and Gram-negative bacteria. The effect of different amino acids at the +2 position was studied using the pTAP vector, which has been shown to express PhoA as a lipoprotein. Replacement of the threonine at the +2 position in the PhoA lipoprotein with hydrophobic amino acids resulted in higher levels of expression of alkaline phosphatase, while replacement with hydrophilic amino acids resulted in lower levels of expression of alkaline phosphatase. Changes in the +2 amino acid did not appear to alter export of the PhoA lipoprotein to the membrane fraction, but a difference was seen in susceptibility to proteolysis in PhoA lipoproteins with differing +2 amino acids. This is the first study to examine the role of the +2 amino acid in mycoplasma lipoproteins and establish a difference between M. gallisepticum and Gram-positive and Gram-negative bacteria and will assist in optimization of the design of recombinant lipoprotein genes in mycoplasmas for maximal levels of expression and stability on the cell surface.
INTRODUCTION
Mycoplasmas are the smallest self-replicating organisms, have minimal genomes and are characterized by the absence of a cell wall (Razin et al., 1998) . Mycoplasma gallisepticum is a significant avian pathogen causing chronic respiratory disease in chickens (Ley & Yoder, 1997) . The mycoplasma cell is protected by a single plasma membrane, in which many extracellularly exposed lipoproteins are anchored by lipids covalently linked to their amino terminal cysteine residue. These lipoproteins are the major surface antigens of pathogenic mycoplasmas (Razin et al., 1998) , with their immunogenicity attributed to their surface exposure and their lipoylated amino terminus (Bessler & Jung, 1992) . They are thought to play important roles as binding proteins for transporters of extracellular nutrients, as adhesins, and in phase variation and immune evasion (Chambaud et al., 1999) .
During bacterial lipoprotein processing, a lipid moiety is attached to the cysteine (C) residue, followed by cleavage of the signal peptide, and cysteine becomes the first amino acid of the mature lipoprotein (Tokunaga et al., 1982) . The amino acid following the acylated cysteine has been called the +2 amino acid. In silico predictions and structural analyses of some lipoproteins suggest that the C+2 amino acid functions as a tether that connects the lipid moiety to the third domain responsible for essential protein structure and function (Zuckert, 2014) .
In Gram-negative bacteria, lipid modification and processing of lipoprotein precursors to mature lipoproteins takes place in the inner membrane, followed by localization of the lipoprotein in the inner membrane or outer membrane (Yokota et al., 1999) . In mycoplasmas lipoproteins are anchored in the cytoplasmic membrane, whereas in Escherichia coli the lipoproteins can also be exported to the outer membrane through the Lol (localization of lipoprotein) pathway (Yokota et al., 1999) and then additional steps result in surface exposure of outer membrane proteins (Konovalova & Silhavy, 2015) . In E. coli, the final location of lipoproteins can be changed from the inner to the outer membrane by mutation of the amino acid following the amino terminal cysteine (Yamaguchi et al., 1988) . Lipoproteins with aspartic acid (D) at the +2 position localize in the inner membrane, whereas other amino acids, such as serine (S), at the +2 position lead to sorting to the outer membrane. Glutamic acid (E) and asparagine (N), although structurally similar to aspartic acid, induce lipoprotein localization in the outer membrane (Okuda & Tokuda, 2011; Pugsley & Kornacker, 1991; Seydel et al., 1999) .
The distributions of amino acids at predicted lipoprotein cleavage sites have been examined in E. coli (Seydel et al., 1999) , Pseudomonas aeruginosa (Narita & Tokuda, 2007) and Yersinia pestis (Silva-Herzog et al., 2008) , but there have been only a few studies on Gram-positive bacteria (Sutcliffe & Russell, 1995; Tjalsma et al., 2000) . As mycoplasma cells have only a single bounding membrane, it could be hypothesized that there might be no specific preference at the +2 position in lipoproteins, but the significance of any differences in the amino acid at amino terminus of lipoproteins has not been explored in this group of bacteria. Thus this study aims to determine if there is any preference for specific residues and whether there was any targeting role attributable to different residues following the cysteine in lipoproteins of M. gallisepticum using a model reporter, a PhoA lipoprotein that is expressed on the external surface of the cytoplasmic membrane in M. gallisepticum.
METHODS
Analysis of +2 sites of lipoproteins in mycoplasmas. Data available on residues found at the +2 position of lipoproteins in several Gram-negative and Gram-positive bacterial species were accessed from published tables and tabulated (Narita & Tokuda, 2007; Seydel et al., 1999; Sutcliffe & Russell, 1995; Tjalsma et al., 2000) . The lipoproteins listed in the M. gallisepticum R low NCBI reference sequence (NC_004829.2) were identified and their lipoprotein cleavage sites were analysed to determine the C+2 amino acid in the sequence. Proteins with predicted prokaryotic lipoprotein signal peptidase II cleavage sites, annotated using UniProtKB/Swiss-Prot, were analysed and collated. The protein sequences were scanned through ScanProsite (de Castro et al., 2006) , DOLOP (Babu et al., 2006) or PRED-LIPO (Bagos et al., 2008) to confirm the presence of prokaryotic lipoprotein motifs and the signal peptidase II cleavage site. The NCBI genome reference sequence was searched for 'lipoproteins' and amino acids at the +2 position in the predicted lipoprotein sequences were tabulated. The lipoproteins of Mycoplasma pneumoniae M129 (NC_000912.1) (Hallamaa et al., 2006) , Mycoplasma genitalium G37 (NC_000908.2), Mycoplasma synoviae 53 (NC_007294.1), Mycoplasma hyopneumoniae 232 (NC_006360.1) (Minion et al., 2004) and Mycoplasma bovis PG45 clone MU clone A2 (NC_014760.1) were analysed for the proportionate frequencies of different amino acids at the +2 position in the predicted lipoproteins. For Mycoplasma pulmonis UAB CTIP (NC_002771.1) the 44 lipoproteins retrieved on a search for 'lipoprotein' in the database MolliGen 3.0 (Barre et al., 2004) were used for determining the C+2 amino acids. In Mycoplasma mobile 163K (NC_006908.1) and Mycoplasma mycoides subsp. mycoides SC strain PG1 (NC_005364.2), the predicted lipoproteins from the DOLOP database were collated to determine the C +2 amino acids (Babu et al., 2006) . The published list of lipoproteins identified in Mycoplasma fermentans M64 (NC_014921.1) (Liu et al., 2012) was scanned to identify their C+2 amino acids and these were also incorporated in the table.
Bacterial strains and culture conditions. M. gallisepticum strain S6 was grown in mycoplasma broth or on mycoplasma agar (Panicker et al., 2012) at 37 C, with 16 µg gentamicin ml À1 (Invitrogen) included in the medium to select for transformants. E. coli DH5a cells were used as the host for genetic manipulation and cloning of plasmids.
Mutagenesis of +2 residues using oligonucleotide linkers. The pTAP plasmid has been described previously (Panicker et al., 2012) . Briefly the promoter region of the gene for elongation factor Tu (ltuf) of M. gallisepticum, the leader sequence and acylation sequence of the vlhA1.1 gene from M. gallisepticum strain S6, and the E. coli phoA gene, which codes for alkaline phosphatase, were ligated into transposon Tn4001 in pISM2062.2, generating the pISM2062.2ltufacyphoA plasmid (pTAP), which thus contained a PhoA lipoprotein gene in which cysteine was the first amino acid of the mature PhoA lipoprotein. The PhoA lipoprotein has been shown to be exported through the membrane and exposed as acylated lipoprotein on the external surface of the cytoplasmic membrane (Panicker et al., 2012) .
The codon for the amino acid at the +2 position of the PhoA lipoprotein (threonine, T) was mutated to code for proline (P), aspartic acid (D), phenylalanine (F), arginine (R), lysine (K), valine (V), leucine (L) or asparagine (N) by introducing substitutions into complementary oligonucleotides covering the coding sequence between 66 and 94 bp in the expressed prelipoprotein PhoA ( Table 1 ). The oligonucleotides were synthesized to have PstI and XbaI restriction endonuclease cleavage site overhangs once annealed, allowing them to be ligated between the PstI and XbaI cleavage sites in pTAP. The oligonucleotides were annealed by mixing them at equimolar concentrations in 1Â T4 DNA ligase reaction buffer (NEB) and heating to 50 C for 1 min, then slowly cooling at 1 C min À1 to 10 C. The annealed linkers were ligated into pTAP that had been digested with PstI and XbaI using T4 DNA ligase (NEB). The resultant plasmids were used to transform E. coli DH5a cells by electroporation and plasmids purified from these transformants were sequenced using the LTNF oligonucleotide. The transformants containing the desired mutations were selected and plasmid DNA isolated using QIA-GEN Plasmid Midi kit (Qiagen) as described previously. The DNA sequences of the pTAP +2 plasmids were confirmed using BigDye Terminator v3.1 cycle sequencing (Perkin Elmer Applied Biosystems) and the plasmids then used to transform M. gallisepticum cells by electroporation and the colonies obtained picked and grown in mycoplasma broth containing gentamicin, as described previously (Panicker et al., 2012) . The presence of the gentamicin resistance gene was confirmed by PCR using the oligonucleotide primers GmF and GmR (Table 1) . Two M. gallisepticum clones were selected from each transformation at random and the integrated transposon and the flanking genomic region sequenced to confirm mutation of the codon for the +2 position and to determine the site of integration in the genome, as described previously (Panicker et al., 2012) .
Detection of alkaline phosphatase activity. Mycoplasma transformants were grown in mycoplasma broth and an alkaline phosphatase assay carried out as described previously (Panicker et al., 2012) . The cells were washed twice in PBS and then resuspended in 0.05 M Tris buffer, pH 8.0, containing 1 % Triton X-100 (ICN) added, and incubated for 15 min at 4 C. The total protein concentration of the cell lysate was determined in triplicate using a Pierce BCA kit (Thermo Scientific) following the manufacturer's instructions. To determine the alkaline phosphatase activity of each transformant (performed in triplicate), 10 µl of the cell lysate was added to the reaction buffer (1 M Tris, pH 8.0, 1 mM MgCl 2 ) to which 50 µl of 2 mM disodium p-nitrophenyl phosphate (pNPP; Calbiochem) in reaction buffer was added and the mixture incubated at 37 C for 30 min. The reaction was terminated by addition of 100 µl 2 M NaOH and the absorbance read at 410 nm using a spectrophotometer (Labsystems Multiskan MS). A positive control, consisting of doubling dilutions, in triplicate, starting at 12 U, of bacterial alkaline phosphatase (BAP; Invitrogen), in reaction buffer was included in each assay, enabling a standard curve to be constructed. The alkaline phosphatase activity in the BAP dilution series was plotted against absorbance and this was used to determine the alkaline phosphatase activity in each sample, which was expressed as BAP U mg À1 of total cell protein.
Localization of the PhoA lipoprotein. To determine the pathway of export and to locate the export site of the lipoprotein, localization experiments -membrane fractionation, Triton X-114 fractionation and trypsin proteolysis -were performed on the different M. gallisepticum transformants as described previously (Panicker et al., 2012) .
Mycoplasma proteins were partitioned into hydrophobic and hydrophilic fractions using the detergent Triton X-114 (Bordier, 1981) . To achieve this, mycoplasma cells from a 20 ml broth culture were washed thrice in PBS and resuspended in 0.5 ml of 0.5 % Triton X-114 (Sigma) in PBS. The solubilized cell proteins were incubated at 4 C for 1 h, then centrifuged at 12 000 g for 30 min at 4 C and the supernatant carefully loaded on to a 1 ml sucrose cushion (6 % w/v sucrose, 0.06 % v/v Triton X-114 in PBS) and incubated at 37 C for 9 min to achieve phase separation. The sample was then centrifuged at 300 g for 7 min at 37 C, producing a supernatant containing mainly hydrophilic proteins and an oily pellet containing the hydrophobic proteins. The supernatant was set aside, and the oily pellet was resuspended in 0.5 ml of ice-cold PBS. The proteins were precipitated by adding 0.5 ml methanol/chloroform (4 : 1) and the mixture centrifuged at 9000 g for 1 min at 4 C. The supernatant was removed and the pellet resuspended in 100 µl 8 M urea in PBS and the proteins analysed by SDS-PAGE.
Fractionation of membrane and cytoplasmic proteins of M. gallisepticum was carried out as previously described for M. pneumoniae (Proft & Herrmann, 1994) . The M. gallisepticum transformants were grown overnight in 10 ml of mycoplasma broth to mid-exponential phase and cells collected by centrifugation at 20 000 g for 10 min at 4 C and then washed in PBS and resuspended in 1 ml of distilled water. The cells were disrupted by sonication using an Ultrasonic Cell Disruptor model XL (Microson) using eight bursts of sonication for 10 s each at amplitude 10 and 7-9 W output whilst on ice. The sample was centrifuged at 6000 g for 10 min at 4 C to remove the intact cell fraction and the supernatant containing both the membrane and cytosolic fractions then centrifuged at 130 000 g in an ultracentrifuge (Optima TLX-120; Beckman Coulter) for 1 h at 4 C. The supernatant containing the cytosolic fraction was removed and the pellet resuspended in 1 ml PBS and ultracentrifuged once more as above. The resultant pellet, containing the membrane fraction, was resuspended in 50 µl PBS.
Trypsin treatment of M. gallisepticum cells was carried out as described previously (Markham et al., 1992) . M. gallisepticum cells were grown overnight in 20 ml of mycoplasma broth, centrifuged as described earlier and the cell pellet washed in 50 mM Tris, 0.145 M NaCl (TS buffer, pH 7.4). This was repeated twice and the cells finally resuspended in 600 µl TS buffer and divided into six equal aliquots. A dilution series of trypsin (Sigma) at 250, 125, 62, 31 and 15 µg ml À1 was made in TS buffer and 100 µl of each dilution, as well as a control without trypsin, added to separate aliquots of cells and these incubated at 37 C for 30 min. Trypsin digestion was stopped by the addition of 200 µl of 0.125 % (w/v) trypsin inhibitor (Sigma).
The protein concentrations of mycoplasma cell extracts were determined using a Pierce BCA protein assay kit (Thermo Scientific) and equivalent amounts of protein were loaded into each well of a polyacrylamide gel. The proteins were separated by SDS-PAGE and stained with Coomassie brilliant blue or blotted onto a PVDF membrane for immunostaining.
RESULTS

Analysis of +2 sites of lipoproteins in mycoplasmas
The collated data on the +2 amino acids of lipoproteins in Gram-negative and Gram-positive bacteria are shown in Table 2 . The genes annotated as coding for lipoproteins in the genome of M. gallisepticum R low were analysed and 
CTAGAACAGGTGTAcgACAACTAGCTGCA R Lower case letters indicate changes made to introduce amino acid mutations at the +2 position.
frequencies of different amino acids at the +2 and +3 positions of the mature lipoprotein were then tabulated (Tables 3  and S1 , available in the online Supplementary Material).
There was a preference for threonine, followed by serine and valine, at the +2 position. At the +3 position serine was the most common amino acid. The lipoproteins of M. pneumoniae M129, M. genitalium G37, M. synoviae 53, M. hyopneumoniae 232, M. pulmonis UAB CTIP, M. mycoides subsp. mycoides SC strain PG1, M. mobile, M. bovis PG45 clone MU clone A2 and M. fermentans M64 were also analysed systematically. The proportionate frequencies of different amino acids at the +2 position in the predicted lipoproteins are shown in Table 3 .
Glycine (G), serine (S) and alanine (A) were the most common amino acids at the +2 position in lipoproteins of M. pneumoniae, M. genitalium, M. synoviae and M. mobile. In M. pneumoniae and M. synoviae the order of preference for the +2 amino acid of lipoproteins was glycine > serine > alanine, while in M. genitalium the order of preference was serine > alanine > glycine. M. pulmonis had a high proportion of serine followed by threonine (T) and lysine (K) as the +2 amino acid of lipoproteins. In M. fermentans glycine, phenylalanine (F) and glutamine (Q) were the major amino acids at the +2 position of lipoproteins. In lipoproteins of M. mycoides threonine (T) and in M. bovis glycine were the predominant amino acids at the +2 position.
Mutagenesis of +2 residues of the PhoA lipoprotein using oligonucleotide linkers
Analysis of the amino acids following the cysteine residue in M. gallisepticum R low lipoproteins showed that some amino acids were not used in the +2 position, prompting an experimental investigation of the effect of these, and some amino acids used very infrequently in this position, on lipoprotein export. Mutations were introduced to alter the +2 amino acid of a recombinant PhoA lipoprotein to amino acids that were not seen or were rarely seen in the +2 position of native M. gallisepticum lipoproteins to enable their effect on lipoprotein localization and stability to be examined. Eight different mutated plasmids were used to transform M. gallisepticum, and colonies were selected for the presence of a gentamicin resistance gene, as described previously (Panicker et al., 2012) . The annotated genome sequence of M. gallisepticum S6 (CP006916.3) was used as the reference genome in BLAST to determine the location of the transposon. The sites of genomic integration of each transposon in two different clones were determined to ensure that the transposons were integrating randomly (Table 4) . Five of the transposons carrying +2 residue mutations integrated into different members of the vlhA gene family, while the others integrated into a range of sites, including within genes encoding hypothetical proteins, a cysteine protease, or a transposase. Alkaline phosphatase activity of transformants with alternate codons for the +2 amino acid of the PhoA lipoprotein
The alkaline phosphatase activity in M. gallisepticum transformants with mutations in the codon for the +2 amino acid of the PhoA lipoprotein was compared to detect differences in levels of PhoA lipoprotein expression. Three different transformants carrying each construct were picked at random and the level of alkaline phosphatase activity in each transformant was assayed in triplicate and compared to that of transformants carrying a construct with threonine at the +2 position. The mean level (±SEM) of alkaline phosphatase activity in transformants with hydrophobic amino acids at the +2 position of the PhoA lipoprotein (410±40 U mg À1 total cell protein; V, 478±59 U mg
À1
; L, 411±68 U mg À1 ; F, 339±30) was significantly higher (P=0.0019, Student's t-test) than in those with hydrophilic amino acids at the +2 position (189±23 U mg À1 total cell protein; T, 247 ±47 U mg ). The activity in transformants with a +2 proline was 208±3 U mg À1 . While only three transformants with each construct were assessed, the variation in alkaline phosphatase activity between transformants containing the same construct was similar to the variation between the transformants containing constructs with a hydrophobic amino acid at the +2 position or those with a hydrophilic amino acid at the +2 position of the PhoA lipoprotein. Hence, a relatively small number of transformants were considered suitable for effective analysis.
Membrane fractionation of M. gallisepticum proteins
Immunostaining of the separated fractions with a monoclonal antibody against alkaline phosphatase detected reactivity with a protein of 47 kDa in the membrane fractions of all the transformants (Fig. 1a) , but not the cytosolic fraction (Fig. 1b) . A faint band was detected in the cytosolic fraction from the transformant with an arginine in the +2 position, which could have resulted from carry over from the membrane fraction.
Triton X-114 partitioning of M. gallisepticum proteins
Immunostaining with a monoclonal antibody against alkaline phosphatase detected a 47 kDa protein band in the whole cells (Fig. 2a) and the hydrophobic fraction of all the transformants (Fig. 2b) . This implied that the PhoA lipoprotein with the amino acids P, D, F, R, K, V, L or N at the +2 position could be exported to the membrane, even though five of these residues (P, D, R, K and L) are not used at the +2 position in native M. gallisepticum lipoproteins. The hydrophilic fractions of the transformants did not contain any detectable reactivity with the alkaline phosphatase antibody (Fig. 2c) . Faint bands were detected in the hydrophilic fractions of transformants with valine or leucine at the +2 position, which may have been due to incomplete phase separation during Triton X-114 partitioning or reduced acylation, resulting in the retention of the protein in the cytoplasm during processing of the prelipoprotein, thus protecting it from degradation by trypsin.
Trypsin digestion of intact cells of M. gallisepticum
Whole cells of M. gallisepticum were treated with increasing concentrations of trypsin for 30 min, the proteins separated in 10 % polyacrylamide gels and then stained with Coomassie brilliant blue (Fig. 3a) . Immunostaining of the proteins of trypsin-treated cells with a monoclonal antibody against alkaline phosphatase demonstrated increasing loss of reactivity in all transformants with increasing concentrations of trypsin, indicating surface exposure of the PhoA lipoprotein (Fig. 3b) . The intensities of the bands on the Western blot corresponding to the PhoA lipoprotein were calculated using ImageJ (v1.48a; NIH, USA) (Schneider et al., 2012) .
The relative intensities of the bands in each lane were compared. The amount of PhoA lipoprotein with a threonine at the +2 position was used as the standard to calculate the relative amount of protein remaining after digestion with trypsin in each transformant (Table 5 ). The amount of protein remaining after trypsin digestion was divided by the initial amount of protein to determine the proportion of the PhoA lipoprotein that had not been digested for each of the +2 transformants.
After digestion of whole M. gallisepticum cells with trypsin at 62 µg ml
À1
, the transformant with the greatest proportion of intact PhoA lipoprotein was that with a phenylalanine at the +2 position (70 %), followed by those with valine (35 %), leucine (33 %) or proline (22 %) at the +2 position. In M. gallisepticum transformants with PhoA lipoproteins with arginine, lysine, asparagine, threonine or aspartic acid in the +2 position most of the PhoA was digested after incubation of whole cells in trypsin at 62 µg ml À1 for 30 min. After digestion with trypsin at 125 µg ml À1 the majority of the PhoA lipoprotein with phenylalanine in the +2 position (61 %) remained intact, while transformants with leucine (33 %), proline (15 %) or valine (13 %) in the +2 position of the PhoA lipoprotein still had significant amounts of intact PhoA. Those transformants with PhoA lipoproteins with arginine, lysine, asparagine, threonine or aspartic acid in the +2 position had only minimal amounts of intact PhoA after incubation with trypsin at 125 µg ml
.
DISCUSSION
This is, we believe, the first study to examine the role of the +2 amino acid in mycoplasma lipoproteins. Even though mycoplasmas have a single limiting cell membrane, this study has shown that mycoplasma lipoproteins have different amino acid prevalences in the +2 position compared to that seen in other bacteria.
The VlhA lipoproteins of M. gallisepticum show a strong preference for threonine in the +2 position. In part because of this preference in the large vlhA gene family, threonine was the preferred +2 amino acid in 67.1 % of M. gallisepticum lipoproteins. Serine is the preferred +2 amino acid in Gram-positive and Gram-negative bacteria, while in M. gallisepticum it was the second most prevalent residue at this position (11 %), followed by valine (4.9 %). Serine was the most common residue at the +3 position in lipoproteins of M. gallisepticum. If there were only one vlhA gene, threonine (30.3 %) would be the most common residue in the +2 position in M. gallisepticum lipoproteins, followed by serine (24.2 %), similar to the preference seen in Gram-positive bacteria. The preferred +2 amino acids in lipoproteins of M. genitalium and M. pneumoniae, which are phylogenetically related to M. gallisepticum, are serine and glycine, respectively. In M. synoviae, M. mobile, M. fermentans and M. bovis lipoproteins, glycine was the most common +2 amino acid, whereas in M. pulmonis and M. hyopneumoniae lipoproteins, serine was the most prevalent +2 amino acid. Glycine and serine were the most common amino acids at the +2 position in lipoproteins of mycoplasmas analysed in this study.
In E. coli, according to the +2 rule lipoproteins are sorted to the inner membrane if there is an aspartic acid adjacent to the amino terminal cysteine (Yamaguchi et al., 1988) . Amino acids at the +3 position may also influence the retention of the lipoprotein in the inner membrane, with residues such as aspartic acid, glutamic acid, glycine, asparagine and arginine at the +3 position strengthening inner membrane retention, while lysine weakens inner membrane positioning (Masuda et al., 2002; Terada et al., 2001) . In P. aeruginosa, an aspartic acid at the +2 position, along with specific amino acids at the +3 and +4 positions, have been found to be essential for inner membrane retention of lipoproteins (Lewenza et al., 2008) . Aspartic acid is not used at the +2 position in lipoproteins in M. gallisepticum, nor in three other mycoplasmas nor in the Gram-positive species B. subtilis, suggesting that it may be a sorting signal exclusively used in Gram-negative bacteria (Tjalsma et al., 2000) . However, the experimental studies reported here suggest that the presence of aspartic acid at the +2 position does not affect the localization of the lipoprotein in the cytoplasmic membrane in M. gallisepticum, nor does it prevent normal orientation in the membrane.
In Gram-negative bacteria lipoproteins are transported across the cytoplasmic membrane by the Sec machinery and to the outer membrane by the Lol system (Yokota et al., 1999) , which is absent in mycoplasmas. Most Gram-positive bacteria have SecA, SecD, SecE, SecF, SecY, Ffh, FtsY and YajC and thus would be expected to have a Sec pathway similar to that of E. coli. The lack of SecB in Gram-positive bacteria is compensated for by PrsA, which is a membrane bound lipoprotein and is the rate-limiting component of the secretory channel in B. subtilis (Schneewind & Missiakas, 2012) . The Sec pathway in M. gallisepticum is likely to be composed of SecA (MGA_0670), SecD/SecF (MGA_0954), SecE (MGA_0474), SecG (MGA_0122) and SecY (MGA_0740), but several of the Sec proteins found in E. coli, including SecB, are not identifiable in the M. gallisepticum genome (Cao & Saier, 2003; van Wely et al., 2001) . Thus the Sec pathway may be incomplete, or other proteins may contribute to the secretory pathway.
When the threonine at the +2 position of the PhoA lipoprotein was mutated to a hydrophobic amino acid, such as valine, leucine or phenylalanine, the transformants expressed alkaline phosphatase at a significantly higher level. In contrast, when the threonine at the +2 position of the PhoA lipoprotein was replaced with the hydrophilic amino acids asparagine, arginine, lysine or aspartic acid the level of alkaline phosphatase activity was lower. All the PhoA lipoproteins, regardless of the differing +2 residues, were associated with the membrane fraction, partitioned into the hydrophobic fraction, and were exposed on the cell surface.
Different amino acids in the +2 position of PhoA lipoprotein appeared to influence susceptibility to cleavage by 1 2 2 3 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 1 2 3 1 2 2 3 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 12 3 1 trypsin. The PhoA lipoprotein with phenylalanine at the +2 position was most resistant to trypsin digestion. The presence of a bulky, strongly hydrophobic amino acid as the +2 amino acid may change the conformation and limit accessibility of the PhoA lipoprotein on the membrane surface to trypsin. The presence of a large hydrophobic residue at the +2 position may also reduce the rate of PhoA lipoprotein translocation through the Sec channel, leading to aggregation of protein at the membrane/cytoplasmic interface, reducing exposure on the outer surface of the cytoplasmic membrane. In B. subtilis it is known that the rate of folding of proteins as they pass through the secretory translocase is critical in minimizing aggregation and misfolding and maximizing protein yield (Harwood & Cranenburgh, 2008) .
The presence of arginine, lysine, aspartate or threonine in the +2 position of the PhoA lipoprotein resulted in digestion of most of the PhoA by trypsin. The presence of hydrophilic amino acids at the +2 position of the PhoA lipoprotein may have resulted in a secondary structure and conformation permitting more rapid folding and quicker export through the membrane, thereby enhancing greater accessibility to trypsin.
Threonine is the most prevalent amino acid in the +2 position in lipoproteins in M. gallisepticum R low , and serine and glycine are the most commonly used residues at the +2 position in lipoproteins in closely related mycoplasmas. However, the presence of the hydrophobic amino acids valine, leucine or phenylalanine in the +2 position of the PhoA lipoprotein appeared to result in higher levels of protein expression. Hydrophobic amino acids, especially phenylalanine, in the +2 position also resulted in lipoproteins that were less susceptible to trypsin digestion, which may contribute to the stability of the membrane exposed lipoprotein.
While the effect of the site of integration of the transposon on transcription of the recombinant PhoA lipoprotein gene was not examined in this study, in our previous studies using this marker gene (Panicker et al., 2012 (Panicker et al., , 2015 , we have shown that the level of transcription is not significantly influenced by the site of integration of the transposon in the genome.
Thus, these studies have shown that use of a different +2 amino acid in PhoA lipoproteins in M. gallisepticum can influence expression and, possibly, the conformation and orientation of lipoproteins on the cell surface. These studies will also have value in optimizing the design of recombinant lipopeptides and lipoprotein genes in mycoplasmas to ensure maximal levels of expression and stability on the cell surface. 
